INTRODUCTION
Protection of water quality in karstlands is a significant health and environmental issue (Ford & Williams 1989 , Gillieson 1996 , Drew & Hotz! 1999 . Ground-water circulation in karst typically involves integrated networks of solutionally enlarged conduits, including cave systems, with high hydraulic conductivity. Pollution from point inputs and diffuse sources entering karstic conduits can rapidly contaminate aquifers, threatening ecosystems and creating hazards for human health. These problems can be compounded by a range of practices, such as allowing stock access to streams with resultant fouling of waterways, land application of chemicals for agricultural, silvicultural and other purposes, inappropriately sited and maintained septic and grey-water systems and use of sinkholes and caves for disposal of waste including animal carcases.
Tasmania's karstlands are developed primarily in folded and faulted Ordovician limestones and Precambrian dolomites that occur across a spectrum of physiographic contexts ranging from coastal to alpine. The land use setting of the karsts encompasses forestry, agriculture, mining and urban settlement as well as essentially undisturbed wilderness in Crown reserves. There are few data on the effects of the various land uses on water quality within Tasmanian karst systems, although attention has been drawn to some unsustainable practices (Kiernan 1984 , Houshold 1995 , Eberhard 2001 .
The Mole Creek karst is located on the lower slopes of the Great Western Tiers between Liena to the west and Golden Valley to the east, in the catchments of the Mersey and Meander rivers ( fig. 1 ). Annual rainfall is 1000-1100 mm at Mole Creek township (240 m asl) but probably reaches 1700-1800 on the Great Western Tiers (1200-1300 m asl). The karst is characterised by well-developed and complex subterranean drainage involving numerous caves, streamsinks and springs (Brown & De Vries 1958 , Burns & Rundle 1958 , Jennings & Sweeting 1959 ,Jennings &James 1967 , Kiernan 1984 , Kiernan eta!. 1994 . Surface run-off is limited due to rapid infiltration of precipitation and stream capture by subterranean conduits. The majority of streams rising on surrounding non-karstic rocks sink underground shortly after crossing the geological contact at the limestone margins. Tracer studies indicate that ground-water transfer within the aquifer can be rapid. Flow velocities of 30-100 m/hr are probably typical for ground-water moving through solutionally enlarged conduits, although more rapid flows are known to occur at high discharges and/ or where steep hydraulic gradients N r ..... The speed of ground-water transfer within the aquifer, and the fact that this often occurs through caves and cavities which function as efficient pipes, suggest a greatly reduced potential for natural remediation ofground-water pollution problems in comparison to non-karstic aquifers.
The Mole Creek area is subject to a range of land uses including agriculture, forestry, urban settlement and conservation reserves. Dairy operations are a major component of local agricultural production. The principal township is Mole Creek (population 256). Although the township is supplied by surface run-off water piped from the Great Western Tiers, ground-water is an important supply source for many households and farms. Some houses are entirely dependent on the karst aquifer, which is sourced at springs or bores. Water is also diverted from natural sinking points by artificial channels to supply sites lower in the catchment. An export-based mineral water bottling enterprise is based at a karst spring near Caveside.
Previous studies of water quality at Mole Creek imply that some waters are relatively polluted with respect to bacteriological parameters (Kiernan 1984 , Dept. Agriculture unpub!. data 1989 , Meander Valley Council unpub!. data 1998 -2001 . Kiernan (1987) observed that "a potentially significant pollution problem may exist [at Mole Creek] and that there is a need for more detailed scrutiny and more careful management". Kiernan (1992) states that Tasmania's most heavily polluted spring is at Mole Creek.
Water quality is generally discussed in terms of its suitability for consumption and use by humans, for food production or aquatic ecosystems (National Water Quality Management Strategy 2000). While these are clearly significant issues, water quality also impinges on weathering processes and soil-water interactions. As such, water quality can be a key issue in managing for sustainable land management and the protection and maintenance ofnatural geodiversity (DPIWE 2001 ). This issue is particularly pertinent in karstlands due to the importance of solutional process in shaping the geomorphology, including secondary carbonate deposition in the form of tufa and speleothems. At Croesus Cave, an outstanding sequence of rimstone dams, which have been deposited along a reach of cave streamway, are now being eroded by chemically aggressive waters (Eberhard 1993) . The trigger for this seemingly recent change in stream geochemistry requires further investigation but Croesus Cave clearly illustrates the importance of water quality as a management issue for geodiversity protection in karstlands. Karst caves are also susceptible to degradation through human-induced changes to natural rates of erosion and deposition of clastic sediments. Many caves in cleared catchments at Mole Creek show evidence ofpost-settlement sedimentation by fluvially transported clays and soils.
The present survey of water quality was undertaken for the Natural Heritage Trust Mole Creek Karst Strategy, a project to promote sustainable land use practices at Mole Creek, taking account of a range of issues related to the karstic setting (Eberhard & Houshold 2001) . While some water quality data were available from previous studies, further sampling was considered worthwhile to clarify the extent of possible ground-water pollution problems, and to provide a more systematic basis for assessing anthropogenic impacts on the karst system. The water quality program was seen as potentially useful in prioritising resources for stream protection and restoration works within the catchments of high conservation value caves.
STUDIES Microbiology
Data are available for 51 previous samples collected in the Mole Creek karst catchment (tables 1-3). Although classified above as mainly forested or partly cleared, the sites span a continuum from relatively undisturbed native forest to intensively farmed agricultural land. All the sites have been subject to some level of anthropogenic disturbance. With the exception of Mersey River (Olivers Road), the surface streams and bores sample sites are mainly cleared catchments. The streamsinks sampled can be considered surrogates for surface streams in undisturbed catchments.
Physical and Chemical Parameters
Where possible, samples were obtained at streamsinks and springs for which a direct hydrological connection is known to exist, through cave exploration or water tracing studies. These samples can be used to compare variations Discharge varied considerably between sampling dates, but on all occasions was subdued in comparison to typical winter conditions. Stream stages were substantially lower on 6 June 200 1 than on subsequent collection dates. The intermittent Soda Creek Cave spring, which we had hoped to sample, remained dry throughout the collection period. Two sites (Bachelors Spring, Sassafras Creek at Ugbrook) were sampled twice, the second occasion being after heavy rain, to provide an indication of water quality variations with stage.
The samples were stored on ice in bottles supplied by the relevant laboratories, prior to delivery for analysis within 24 hours ofcollection. Total coliforms (TC), faecal coliforms (FC), E. coli and faecal streptococci (FS) were assayed at the NATA accredited Water Ecoscience Laboratory (then known as AWT) at New Town, Tasmania. Methods specified in Australian Standards AS4276. 5-1995 , AS4276.7-1995 , AS4276.9-1995 were used. Analytical Temperature, pH and total dissolved solids (TDS) were measured in situ using WTW field pH and conductivity meters. The instruments were calibrated in standards supplied by the manufacturer before each pH and conductivity measurement.
Turbidity was measured ex situ using a Hach 2100P model optical principle turbidimeter. Samples were collected in polythene bottles and refrigerated for periods of days to weeks prior to analysis. As turbidity can change unless measured within 24 hours of collection (Chapman 1996) , turbidity data obtained in this study should be considered indicative only.
RESULTS
Bacterial results for all samples are presented in tables 5 and 6. Physical and chemical results are summarised in table 7. The complete data are provided in appendix 2.
DISCUSSION

Microbiology
The microbiological data show considerable vanatlon between sites, with very low results recorded at the two bores, Rubbish Heap Cave and Mersey Hill uvala. Somewhat higher coliform levels were found at Sassafras Inflow, which yielded the highest microbiological counts in this study (560 TC, 350 FC, 280 E. coli, 650 FS per 100 mL) . The majority of samples were found to contain only a few or tens of coliforms, in contrast with some high results obtained in previous studies. For example, a result of30 000 TC per 100 mL is reported for a spring on Sassafras Creek by Kiernan (1984) , who records coliform counts of the hundreds to thousands at several sites. In 1989, coliforms were found in some samples, but were below detection limits in others (Dept. Agriculture unpubl. data 1989). The 1998-2001 samples collected by Meander Valley Council cover a smaller number of sites but have the value of continuity over time. Orders ofmagnitude for bacterial counts in these data range from hundreds to thousands per 100 mL, with average values being 1000-5000 TC, 1000-2000 E. coli, and 300-400 FS per 100 mL.
The timing of samples with respect to rainfall events probably accounts for much ofthe variation between sample sets. In dry weather conditions TC, FC, E. coli and FS are generally detected only at low levels « 1 to 20-30 per 100 mL) in streams and inshore surface waters of lakes in undisturbed areas in Tasmania (Davies & Driessen 1997) . Microbiological contamination of surface waters can be expected to increase following rainfall and persist for several days at hundreds or low thousands per 100 mL, but will tend to reduce within a few days (C. Garland pers. comm.).
A similar effect is to be anticipated for ground-water samples collected from caves and springs in karstlands. The 1984 Mole Creek samples were all collected during heavy rain, which may explain some of the high results. Discharge conditions when the 1989 samples were obtained are unknown but may not have been high as sampling was undertaken in summer. In the present study, repeat samples for Bachelors Spring and Sassafras Creek (Ugbrook), show somewhat higher FC, E. coli and FS counts after heavy rain on 13 June 2001, but the increase is far from dramatic and TC levels are reduced in the later samples.
The 2001 samples indicate substantial differences in microbiological levels between forested and cleared catchments (table 6). Streamsinks and springs in forested catchments were found to contain low or negligible bacterial contamination. In contrast, streamsinks in cleared catchments gave results ranging from negligible at Mersey Hill uvala, to more substantial counts (tens to hundreds) at the three other sites. Results for springs in cleared catchments are also mostly very low (s 10 TC, FC, E. coli or FS per 100 mL), although a higher count was obtained at Bachelors Spring. Results for surface streams in cleared catchments range from nil to hundreds of coliforms, as at sites along the middle to lower reaches of Lobster Rivulet. In some cases there is evidence ofa downstream increase in coliforms in surface streams (e.g. Sassafras Creek, Mole Creek), but the pattern is not universal (e.g. Lobster Rivulet).
Comparison of the 2001 results with data obtained by the Meander Valley Council at 15 non-karstic sites elsewhere in the municipality indicates that Mole Creek is not exceptional with respect to bacterial pollution, falling within the range of results recorded in other catchments (table 3) . However, these data indicate that average TC levels at Mole Creek were 2-10 times higher than the non-karstic sites, while mean E. coli levels are 3-8 times higher. Mean FS levels at Mole Creek are commensurate with those recorded at the non-karstic sites. The Lobster Rivulet (Chudleigh) result obtained in the present study falls towards the lower end of the range of results recorded at the same site by Council in 1998-2001. The mean and maximum values in samples collected by Council are one and two orders of magnitude higher than the results obtained in the present study. This result and the generally higher coliform levels recorded in 1984 and 1989 suggests that the present study sampled outside periods of peak coliform levels, highlighting the constraints of characterising water quality from small sample sets (Quinlan 1988) . The council data for the Mole Creek area show considerable variation in coliform levels over time.
As mentioned above, caves and subsurface conduits generally have far less capacity for remediation of anthropogenic water quality problems than do non-karst ground-water systems. A common misconception is that water emerging from springs has been purified through a long residence time underground. However, microbiological data for Mole Creek indicate that ground-water systems here follow patterns observed in other karst systems in having only limited capacity to ameliorate problems introduced in source areas. Table 6 illustrates this point with regard to microbiological pollutants. Most of the caves and springs with higher coliform counts are hydrologically linked to streamsinks that also show significant coliform levels. The Mersey Hill uvala-Mersey Cave system and the Wet Cave-Scotts Rising system both In contrast to coliform levels at the karst springs, a lack of microbiological pollution was recorded at the two bores sampled. This is despite their locations within relatively disturbed and mostly cleared catchments. Adamski (2000) studied water quality in a carbonate aquifer in the midwestern USA and found significant differences between springs and wells in terms of many physico-chemical parameters. He accounts for this by suggesting that whereas the water from the springs generally flows rapidly through large conduits with minimum water-rock interactions, water from the wells flows through small fractures, which restrict flow and increase water-rock interactions. Adamski concludes that the springs are more susceptible to surface contamination than the wells. This could be true at Mole Creek, where the majority of springs are associated with well-integrated systems of solutionally enlarged conduits. However, the borehole at .one of the Mole Creek sample sites (Liena) intersected sands and 40 mm rounded basalt cobbles in a cavity at a depth of 100 m below the surface. After heavy rain, the bore is reported to discharge turbid water. This strongly suggests a conduit-flow component at this site. Thus, it does not does appear to be universally true that bores at Mole Creek source water with prolonged ground-water residence times. Nevertheless, it seems that the bores could be less susceptible to ground-water pollution than springs, a possibility that warrants further investigation.
Physico-chemical Parameters
A major source of recharge to the Mole Creek karst aquifer is run-off from the surrounding non-karstic rock types, which are an important control on the physico-chemical quality ofthe ground-water. The alkalinity and pH ofupper catchment sites indicate that the run-off is typically acidic waters low in dissolved ions. This study found that run-off from Standard Hill, as sampled at Grunter Creek and Howes Cave, is considerably more acid than that from the Western Tiers, which is a major source area for the remainder of the karst. The tannin-stained appearance of run-off from Standard Hill suggests that acidity is boosted by drainage through peat soils. This effect is sufficiently pronounced to cause water emerging from karst springs at Kubla Khan Efflux and Bachelors Spring, which receive much of their flow from Standard Hill, to be slightly acidic. This is notwithstanding the buffering effect of contact with the limestone as the water passes through the aquifer. All other springs sampled in this and previous studies are about neutral or slightly alkaline, as would be expected due to carbonate dissolution processes within the aquifer. Levels of dissolved ions are low for all species analysed with the exception of calcium. The highest levels of calcium were recorded at springs, bores and surface streams fed primarily by springs. This conforms to accepted models of groundwater geochemistrywithin karst aquifers, whereby dissolution ofthe karstic bedrock releases calcium into solution (Ford & Williams 1989) .
Two parameters show a relationship with catchment disturbance. Streamsinks and springs in forested catchments show low levels of turbidity (0.2-1.3 NTU) , whereas turbidity at streamsinks, springs and surface streams in cleared catchments is more variable and often higher (0.2-23.4 NTU). The difference between the medians is statistically significant (U=34; P<0.05, Mann-Whitney Utest). Multiple samples along individual streams (Lobster Rivulet, Sassafras Creek and Mole Creek) all show increasing turbidity in the downstream direction, which would be consistent with a correlation between turbidity and the extent and intensity of disturbance. Of the ,..,80 results obtained by Eberhard (unpub!. data 1991) , the highest levels of turbidity were recorded in disturbed catchments: Lime Pit (1-170 NTU) , Scotts Cave (12-126 NTU) , Soda Creek (0-10 NTU) and Sassafras Creek (8 NTU). The main cause of turbidity is the presence of fine suspended solids such as mineral particles derived from either erosion of soils in the catchment or erosion ofstream banks (Gippel 1994) .
The data also provide some evidence of a link between catchment disturbance and stream nutrient levels. Nitrate levels in forested catchments were found to fall in the range
<0.03-0.42 mg-N/L, whereas a range of <0.03-2.3 mg-NI
L was recorded in cleared catchments. The difference between the medians is statistically significant (U=26; P<0.05, Mann-Whitney U-test). Nitrate levels of 4.1-4.6 mglL were recorded at Den Cave, Mersey Hill Cave and Den Spring by Kiernan (1984) , but the significance of these data is difficult to assess. Nitrite and phosphate levels were below detection limits at all sites sampled in the present study. Sulphate levels show no obvious pattern, with the highest result (5.9 mg/L) being a sample from Execution Creek in a forested catchment. Ammonia levels are low in all samples (s 0.18 mg-N/L). Elevated nutrient levels could be expected in disturbed catchments due to various effects including application of fertilisers, increased stream temperatures due to reduced stream shading from vegetation, excretion by stock and effluent from septic systems.
The above discussion suggests that, with the probable exception of turbidity, the effects of catchment lithology dominate over catchment disturbance as a control on physico-chemical water quality parameters. However, a more detailed analysis of catchment effects is hampered by the small data set, precluding a more rigorous statistical comparison of different classes of site.
Comparison of physico-chemical data for streamsinks and related springs shows the following patterns:
• For the majority of systems, transmission through subsurface conduits has resulted in an increase in temperature, pH, TDS, turbidity, alkalinity, fluoride, nitrate, potassium, calcium and magnesium. Most of these increases are to be expected in karst systems in winter months. An interesting exception to this is the Mersey Hill uvala-Mersey Hill Cave system that shows an apparent decrease in calcium and magnesium at the same time as an increase in TDS and alkalinity. We suspect this is an error in either data collection or analysis.
• Increasing levels of nitrate are an as yet unexplained phenomenon in many karst systems, occurring in both natural and disturbed systems. Increases are, therefore, not necessarily linked with fertiliser inputs; however, where levels exceed more than one order of magnitude, this should be suspected (1. Houshold, unpub!. data). Although levels are low, nitrate concentrations in some springs at Mole Creek show more than order ofmagnitude increase over their related streamsinks. This suggests that application ofartificial fertilisers and sources ofammonia, typical of many agricultural and urban systems, is having a detectable influence on the nutrient status ofthe groundwater. Data from overseas indicate that nitrate used in agricultural systems is readily transferred to karst aquifers (Nebbache et al. 2001 ).
• Levels of chloride, sulphate, aluminium, iron, zinc and sodium exhibit approximately equal distribution of increase and decrease in concentration, most likely reflecting specific catchment lithologies and soil types.
• In only a very few systems was a decrease in the concentration of a species recorded. The majority of decreases were for iron, aluminium and ammonia, all likely to be lost through oxidation. The iron and aluminium may be precipitated out of solution, and the ammonia rapidly oxidised to nitrate. Most of the other metals analysed showed very low concentrations, which did not appear to change as a result of transport through cave systems.
CONCLUSIONS
Variations in water quality at Mole Creek are explicable in relation to natural factors such as soils and lithology within the catchment or whether the site is located upstream or downstream of the karst aquifer. Water quality is also affected by anthropogenic factors. Compared to sites in mainly forested, relatively pristine parts of the catchment, sites in partly cleared, disturbed parts of the catchment generally showed higher levels ofmicrobiological pollution, turbidity and dissolved nitrate. The microbiological and physico-chemical parameters mostly show little attenuation after flowing through the karst aquifer for distances of hundreds to thousands of metres, implying that the karst aquifer has a limited or negligible effect in ameliorating water pollution. Rapid capture of surface run-off via solutional openings such as sinkholes, caves and streamsinks, coupled with the pipe-like efficiency with which karstic conduits transfer water to downstream outlets, evidently constrain the adsorption ofpollutants onto clays and organics or their breakdown through microbiological processes. This connectivity between surface and underground environments is a key consideration for sustainable land management in karstlands. We conclude that karst aquifers have more in common with surface streams, as opposed to non-karstic ground-water systems, in terms of their water purification properties. Bores may be an exception to the general pattern the two sampled in this study did not show obvious signs ofpollution, despite being located in disturbed catchments. The possibility that these sites are less affected by catchment activities warrants further investigation. Primarily cleared land used for mainly dairy production.
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Native forest in Crown reserves and past logging. Cleared land at lower agricultural purposes.
Native forest and cleared land, dairy production.
Native forest in Crown reserves and State forest. Cleared land at lower altitude, currently used for and dairy production. The catchment local2:overnment waste disposal site over.
Native forest in Crown reserves and freehold. Lower in the catchment is cleared land, used mainly for dairy production. A mixture of surface run-off and karstic springs feed the Lobster Rivulet above the swimming pool. The sources of the various springs are speculative at this time, but may include water from Lobster Rivulet (upper sink).
As above. The Lobster's discharge at Caveside is probably supplemented by additional springs, which rise in extensive alluvial deposits that mantle the limestone in this area.
As above. Numerous springs supplement the Lobster's discharge between Caveside and Chudleigh. Water diverted from Westmorland Cave and the Mole Creek system via the 'Nine Foot' channel joins the Lobster above Chudleigh.
As above. Lobster Falls is downstream of Chudleigh not far beyond where the Lobster crosses from the limestone onto surrounding non-karstic rocks.
The bore taps the karst aquifer several hundred metres to the west of Lobster Rivulet near the Caveside swimming pool.
The Mersey River drains an extensive area to the southwest of Mole Creek. Its headwaters are located in the Cradle Mountain-Lake St Clair and Walls ofJerusalem National Parks. The sample site is at the point where Mersey first enters the karst catchment.
As above. The site is located just below the confluence of the Mersey River and Lobster Rivulet. No other tributary within the karst catchment joins the Mersey below this point.
vegetatIOn in Crown reserves catchment), and freehold land comprising native forest and cleared land used for dairy production.
As above.
As above, including plantation forestry and urban settlement at Chudleigh.
UprrPT'lT1r\n in Crown reserves comprising native forest and cleared land used for dairy production. 
